Chloroplasts isolated from oats eliminated the electron spin resonance (ESR) signals from spin labels in white light and partially restored them in far-red light. Only the white lght-mediated reaction was blocked by 3-(3,4-dichlorophenyl)-1,1,-dimethylurea (DCMU). In contrast, oat (Avena sativa L. cv. Garry and Park) leaf mesophyli protoplasts oxidized the spin labels in both white and far-red light, with and without DCMU. Light had no obvious effect on spin label motion within chloroplast membranes. The results suggest that, in isolated chloroplasts, nitroxide spin labels may be reduced by photosystem I within the thylakoid bilayer resulting in loss of the ESR signals. The reduced forms may be reoxidized by an element of the photosynthetic electron transport chain which operates between the DCMU block and the photosystem I reaction center. In addition, a Lightmediated destruction of the spin labels occurs in both chloroplasts and protoplasts. The reduced fonn of the nitroxide (ie. the hydroxylamine) may be resistant to this destruction.
Spin labels are widely used in the study of membrane structure. Their motion in membranes can be monitored using ESR2 spectroscopy. Because the active, paramagnetic nitroxide is readily reduced to the nonparamagnetic hydroxylamine (which cannot be detected with ESR), spin labels can also be used to probe redox reactions. The depths of sites of oxidation and reduction in the bilayer of mitochondrial membranes have been determined using spin labels (8) .
The mechanism of light-mediated oxidation and reduction of nitroxide spin labels has been studied in both prokaryotes and eukaryotes. Washed chromatophore membranes ofRhodospirillum rubrum simultaneously produce a soluble reducing agent in the aqueous phase and a site of oxidation in the hydrocarbon interior of the membrane in response to light. Whether a spin label will be reduced or oxidized depends upon its access to the membrane interior and the relative production of the redox reagents (6) .
Isolated protoplasts of plant cells oxidize several different spin labels in the light (2) . The reaction may occur in chloroplasts. Light-mediated reduction of nitroxides by chloroplasts can be inhibited by DCMU (4, 9) or by ferrodoxin plus NADP+ (9) . The reduced form of hydrophilic nitroxides can be oxidized (4, 10, 11) and, subsequently, destroyed (4) site of light-mediated reduction appears to be just below the surface of the membrane (10) , and is associated with the macrocyclic ring of Chl (7) .
The purpose ofthis study was to further elucidate the interaction of nitroxide spin labels with chloroplasts both in vitro and within protoplasts.
MATERIALS AND METHODS
Avena sativa L. cv. Garry and Park were grown in the laboratory at 22°C in vermiculite irrigated with White's nutrient solution (3) . Illumination with fluorescent and incandescent bulbs provided a 16-h photoperiod. Primary leaves were harvested from 1-to 2-week-old seedlings. Protoplasts and chloroplasts were isolated as previously described (2) .
Chloroplasts were estimated to be 20% to 25% intact, based upon their ability to reduce K3Fe(CN)6 in the light before and after osmotic shock. Reduction of K3Fe(CN)6 was measured as described by others (5).
The spin label I(12,3) was purchased from Syva Associates, Palo Alto, CA. PC(5,10) was obtained from Serdary Research Laboratories, London, Ontario, Canada. Charles Caldwell provided the TEMPAMINE.
Thick slurry suspensions (0.2 ml) of protoplasts (approximately 2 mg Chl/ml) or chloroplasts (approximately 4 mg Chl/ml) were spin-labeled in a test tube containing a dry film of either I(12,3) (giving a final concentration of 1-3 mM) or TEMPAMINE (giving a final concentration of 3-5 mM). Preparations were labeled with PC(5, 10) by use of spin-label dispersions rather than dry films (2) . Protoplasts or chloroplasts were irradiated in the ESR cavity, spectra were recorded and analyzed, and spectrometer settings were as previously described (2) .
RESULTS
Interactions with 1(12,3). The ESR spectrum of isolated chloroplasts labeled with 1(12,3) was the same as the spectrum for freshly labeled or irradiated protoplasts at 23°C (2T,1=56 G) (2).
Chloroplasts produced a decrease in the signal intensity in the dark more slowly than did protoplasts (data not shown). When irradiated with white light, the chloroplasts rapidly eliminated the spin label signal (Fig. 1) . This is the opposite of the response observed in protoplasts (2) . Far-red light had the reverse effect, causing a slow partial restoration of the spin label signal.
Spin-labeled chloroplasts were treated with 5 ,UM DCMU. Irradiation with white light did not cause the rapid decrease in signal amplitude observed for untreated chloroplasts (Fig. 2) . The signal restoration caused by far-red irradiation (such as shown in Fig. 1 reflecting reduction of the probe, was observed in the dark. Irradiation with white light caused a small percentage of the probe to be reoxidized (hence, the signal intensity transiently increased), in contrast to the case with I(12,3) which was always reduced in white light. Since TEMPAMINE is almost exclusively located in the aqueous phase (1), the site of oxidation of TEMPAMINE may be on the surface of the membrane whereas the site of reduction of 1(12,3) may be within the bilayer. However, TEMPAMINE does pass through membranes (1) and could be reacting with an internal site.
If freshly labeled chloroplasts (in contrast to those which had reduced the probe in the dark) were irradiated with white light (10 min), they rapidly eliminated (rather than partially restored) approximately 87% of the ESR signal. Addition of 5 mm K3Fe(CN)6 to the sample (which contained 5 mm TEMPAMINE) restored only 25% of the signal, suggesting that most of the probe had been destroyed in the light rather than reduced. TEMPA-MINE could be partially protected from this light-mediated de- struction if it was first reduced by ascorbate. Exposure of freshly labeled (5 mi TEMPAMINE) chloroplasts to 5 mm ascorbate eliminated 97% of the signal within 2 min. After 10 min. of irradiation, 6.25 mm K3Fe(CN)6 was added and the signal was restored to 52% of its original strength. The hydroxylamine form of the spin label seems to be more resistant to light-mediated destruction than the nitroxide.
Interaction with PC(5,10). The signal intensity of PC(5,10) in chloroplasts was decreased in the dark. Irradiation with light accelerated the loss of the spin label signal just as it had with probe 1(12,3) (Fig. 3 ). This contrasts with the absence of a light effect on the ESR signal from PC(5, 10)-labeled mesophyll protoplasts (2) . It seems that PC(5, 10) can enter chloroplast membranes and react with the photosynthetic pigment complex. The results of experiments with protoplasts suggest that PC(5,10) may be selectively retained within the plasmalemma (2). 1(12,3) in Protoplasts. The effect of light on spin label signal intensity from protoplasts in the presence of DCMU was tested. In contrast to chloroplasts, the signal changes from protoplasts were not affected by 10 ttM DCMU; 1(12,3) was oxidized in the light at an undiminished rate. Furthermore, DCMU did not block the apparent changes in microviscosity which occur in protoplasts in response to dark and far-red or white light (Fig. 4) .
DISCUSSION
The results suggest that, in the absence of terminal electron acceptors, spin labels in chloroplasts are reduced and/or destroyed within the matrix of the membrane by PSI. The reduced forms of the spin labels may be oxidized back to the nitroxide by K3Fe(CN)6 or by an element of the electron transport chain operating between the DCMU block and the PSI reaction center (selectively activated by far-red light). These suggestions are consistent with the estimated standard reduction potential of a nitroxide, E/'=-0.31 v (6) . The destruction of the nitroxides could be the result of the formation of an adduct between the nitroxide and a free radical product of the light reactions as first suggested by Corker et al. (4) . A diagram of this reaction scheme is shown in Figure 5 . According to this scheme, the reactions in both protoplasts and isolated chloroplasts in white light are: where ki, k2 > k-L in isolated chloroplasts and k-L > ki, k2 in protoplasts (and chloroplasts in the presence of ferredoxin + NADP+). The ability to selectively activate (i.e. reoxidize) a spin label with chloroplasts inside protoplasts may be useful for studying the light reactions and thylakoid structure of living cells.
